Abstract V(D)J recombination is the process by which the diversity of antigen receptor genes is generated and is also indispensable for lymphocyte development. This recombination event occurs in a cell lineage-and stagespecific manner, and is carefully controlled by chromatin structure and ordered histone modifications. The recombinationally active V(D)J loci are associated with hypermethylation at lysine4 of histone H3 and hyperacetylation of histones H3/H4. The recombination activating gene 1 (RAG1) and RAG2 complex initiates recombination by introducing double-strand DNA breaks at recombination signal sequences (RSS) adjacent to each coding sequence. To be recognized by the RAG complex, RSS sites must be within an open chromatin context. In addition, the RAG complex specifically recognizes hypermethylated H3K4 through its plant homeodomain (PHD) finger in the RAG2 C terminus, which stimulates RAG catalytic activity via that interaction. In this review, we describe how histone methylation controls V(D)J recombination and discuss its potential role in lymphoid malignancy by mistargeting the RAG complex.
Introduction
Early T and B lymphocytes carry out V(D)J recombination to produce a wide variety of antigen receptor coding exons. This somatic cell programmed DNA recombination event is regulated in a lineage-and stage-specific manner. The antigen receptor variable domain exons are assembled from variable (V), diversity (D), and joining (J) gene segments (subexons). V(D)J recombination is initiated by the RAG1 and RAG2 protein complex, by introducing DNA doublestrand breaks (DSBs) specifically at the recombination signal sequences (RSS) located adjacent to each V, D, and J coding sequence. The RSS consists of conserved heptamer (CACAGTG) and nonamer (ACAAAAACC) sequences separated by non-conserved 12 or 23 base spacer sequences, so called 12RSS and 23RSS, and recombination occurs only between 12-and 23RSS (12/23 rule) [1] [2] [3] . Broken DNA ends created by the RAG complex are repaired by the general DSBs repair machinery, called the nonhomologous end joining (NHEJ) pathway, to join functional antigen receptor genes ( Fig. 1) [4] .
Three immunoglobulin (Ig) genes (Ig heavy, Ig lambda, and Ig kappa genes) are rearranged completely in B cells, while four T cell receptor (TCR) genes (alpha, beta, gamma, and delta) are assembled only in T cells, indicating that there are mechanisms to control the chromatin accessibility to the V(D)J loci lineage specifically [5] [6] [7] . The accessibility of the RAG complex to the RSS sites at the Ig and the TCR genes is controlled by at least two chromatin mechanisms. First, RSSs must be located within open euchromatin to be exposed. Second, recent studies reveal there are dynamic changes in histone modification at recombinationally active V(D)J loci. Only the loci undergoing recombination have hypermethylation of lysine4 of histone H3 and acetylation of H3/H4 [8, 9] . Those modifications are often found at transcriptionally active regions as well. Interestingly, the RAG complex has a conserved PHD finger, which specifically recognizes the hypermethylated H3K4 mark and stimulates the RAG catalytic activity upon this interaction [10] [11] [12] [13] . Importantly, mutations in the PHD finger cause severe combined immunodeficiency (SCID) or Ommen syndrome (mild form of SCID), indicating this interaction is essential in the normal V(D)J recombination and lymphocyte development [14, 15] . On the other hand, RAG proteins are known to misrecognize suboptimal RSSlike sites at off-target genomic locations, causing DNA double-strand breaks outside of the V(D)J loci, and thereby resulting in chromosomal translocations and lymphoid malignancies [16] . Because the RAG complex selectively binds to H3K4me3 marks and stimulates its activity upon this interaction, the presence of H3K4me3 at translocation hotspots contributes to mistargeting the RAG complex, leading to lymphoid malignancies [13] . Here, we discuss recent progress regarding the histone methylation around V(D)J loci and how epigenetic marks control normal and neoplastic V(D)J recombination.
Biochemistry of the RAG complex
The RAG complex, sometimes called the V(D)J recombinase, consists of two polypeptides, RAG1 and RAG2 [17] . The expression of RAG1 and RAG2 proteins are limited in developing B and T cells, thereby restricting the V(D)J recombination in a lineage and timing specific manner. Since the discovery of the RAG genes, extensive biochemistry of the protein complex has been conducted. RAG1 contains a conserved sequence-specific DNA-binding motif (nonamer binding motif, NBD) and three acidic amino acids that coordinate divalent cations (DDE motif) necessary for the nucleolytic reaction (Fig. 2a) [18] . RAG2 does not have detectable DNA binding or catalytic activity by itself, yet the nucleolytic activity becomes active only when RAG1 and RAG2 form a complex [19] . Highmobility group protein B1 (HMGB1) and HMGB2 stimulate RAG cleavage activity in vitro, yet its function within in vivo V(D)J recombination is less clear. DNA cleavage by the RAG complex is achieved by a series of molecular events (Fig. 2b) . First, the RAG complex recognizes RSS and then introduces nicking at the 5 0 end of each 12-or 23RSS. The RAG complex then catalyzes transesterification to produce DNA hairpins at the coding ends, thereby resulting in DSBs. DSBs occur efficiently between 12/23RSS (12/23 synapsis). An active unit of the RAG complex consists of heterotetramer including 2 RAG1 and 2 RAG2; however, the kinetic order of the RAG reaction is not clear yet [20] [21] [22] . One RAG tetramer may carry out the nicking step at each RSS and then two RAG tetramers may work together to create DSBs. Or one RAG tetramer may first synapse the two RSS sites and then catalyze both nicking and DSB formation. Because of the limitations of biochemical assays, we employed mathematical simulations to find kinetic models that fit experimentally determined kinetic data of in vitro cleavage assay [23] . Based on this approach, it is predicted that one RAG tetramer brings 12RSS and 23RSS into synapsis, followed by nicking and hairpinning (Fig. 2b) . Within the RAG proteins, the regions necessary for in vitro biochemical cleavage assays and cellular extrachromosomal V(D)J recombination assays are called core RAG1 and core RAG2 (Fig. 2a) [17] . On the other hand, non-core regions of RAG proteins are necessary for efficient recombination of the genomic V(D)J loci. Importantly, mutations in the non-core regions cause SCID, but their functions are not well understood [24] . The RAG1 N terminus in the non-core region contains a RING finger domain which has ubiquitin ligase (E3) activity itself or when in complex with VprBP/DDB1/Cul4A/Roc1 proteins [25] [26] [27] . It was reported that this region binds and ubiquitinates histone H3, possibly linking the RAG complex to the DSB repair process. The RAG2 non-core region in the C terminus plays a role in genome instability by contributing to the discrimination of sequence specificity [28] [29] [30] . This region also contains a phosphorylation site for cyclin A-Cdk2 at Thr490 and a PHD finger [31] . Thr490 and the interval spanning amino acids 499-508 are linked to the periodic destruction of RAG2 in G1-S transition by Skp1-Cul1-Skp2 (Skp2-SCF) dependent polyubiquitylation [32, 33] . Since V(D)J recombination occurs in G1 phase, the destruction of RAG protein may function to prevent an aberrant RAG activity outside of G1. The RAG2 PHD finger specifically binds hypermethylated histone H3 lysine4, thereby contributing to efficient DSB formation, which we will discuss later in this review [10] [11] [12] [13] . [9, 34, 35] . From this, it is clear that the recombinationally active V(D)J loci are associated with open chromatin confirmation, while inactive loci are associated with closed chromatin in nonlymphoid cells or recombinationally inactive lymphoid cells. In agreement with this hypothesis, biochemical assays show that an RSS packaged into reconstituted chromatin inhibits RAG accessibility [36] [37] [38] [39] . Recent study documented the requirement of the SWI/SNF ATP-dependent chromatin remodeling complex to alter the nucleosome structure at the IgH locus [40] . Another factor that is lineage specific at the V(D)J loci is histone modifications. One unit of chromatin fiber is the nucleosome, which consists of approximately 147 bp of dsDNA wrapping around histone octomer, H2A, H2B, H3, and H4 dimers. Histones can be chemically modified on their amino terminus tail and associate with regulatory elements of the genome [41] . Correlating with the presence of transcription, recombinationally active V(D)J loci is associated with transcriptionally active modifications, such as hypermethylation of lysine4 of histone H3 (H3K4me2/3), H3K79me2, and histone H3/H4 heperacetylation [8, [42] [43] [44] .
The process of recombination is highly ordered at all V(D)J loci and the D to J recombination precedes V to DJ recombination. Among all V(D)J loci, histone modification (Fig. 3) [9, 44, 45] . This differential status of activation of D H gene segment is dependent on the presence of the intronic enhancer of Ig gene (E) at the downstream of the J H gene segments. The J H gene segments are associated with more distinct features of histone modification, H3K4me3, which is the typical epigenetic mark associated with 5 0 of the transcribed genes and their promoter regions [35, 47] . These striking features of association with active histone modifications centering on the J gene cluster applies for other V(D)J loci because almost all J clusters are located near their intronic enhancers. Hence, there is a tight correlation between transcription and V(D)J recombination to create chromatin remodeling and changes in histone modifications at V(D)J loci [48] .
The V H segments spans over 2.5 Mbp with more than 100 functional genes, whereas the D H -Cl occupies approximately 75 kbp. The V H segments are divided into distal, intermediate, and proximal gene families. It was found that the V H segments are associated with different histone modifications at distal and proximal gene families in developing B cells. Active modifications, such as hyperacetylated H3/H4, H3K4me2, and H3K36me3, are only found at distal V H segments, whereas the suppressive modification, H3K27me3, is associated with proximal V H segments, suggesting differential regulation of the accessibility of V H genes [49] [50] [51] .
Correlation between the type of histone modifications and regulation of V(D)J recombination is reproducible with a replicating minichromosome system [52] . CpG methylated minichromosomes become chromatinized with repressive histone modifications such as H3K9me3 upon replication after transfection into cells, and these miniloci have severely decreased V(D)J recombination efficiency, whereas unmethylated miniloci have active recombination because replicating plasmids are generally associated with H3K4me3 [10, [52] [53] [54] .
RAG recognition of H3K4me3
Whereas the RAG complex initiates V(D)J recombination by selectively recognizing the conserved RSS sequence in open chromatin, the RAG complex is targeted to H3K4me3 sites through the direct interaction via the PHD finger in RAG2 [10, 11] . A PHD finger, which consists of two interleaved atypical zinc fingers, is one of the binding motifs of either methylated or unmodified lysine 4 of histone H3, along with a double chromodomain and a double tudor domain [15] .
The PHD finger is located in the C terminus of RAG2, which is outside of the core region of the RAG complex (Fig. 2a) . Biochemical assays determined that the RAG2 PHD finger specifically binds to the histone H3 tail peptide with K4me3 with *30 l M K D [10, 12] . This number is *10-fold higher than other PHD fingers (ING2 PHD or BPTF-PHD), most likely because the RAG2 PHD finger lacks the Arginine 2 of histone H3 (H3R2) engaging pocket which is conserved in other PHD fingers. On the other hand, methylation of H3R2 does not affect RAG2 PHD binding to H3K4me3 unlike other PHD fingers [12, 55] . While the H3K4me3 mark appears to recruit the RAG complex to the recombinationally active sites, its K D is much higher (weaker) than that of the RAG complex to the RSSs (5-24 nM) [30, 56] . Note that the K D of the RAG2 PHD for H3K4me3 was determined in free solution, but not with H3K4me3 associated with an RSS. However, mutations in the RAG2 PHD show a marked reduction in the efficiency of V(D)J recombination in mice [10, 11] . Moreover, human severe combined immune deficiency (SCID) or Ommen syndrome (less severe form of immunodeficiency) patients have mutations in the PHD finger, indicating the interaction between the RAG complex and H3K4me3 in the context of chromatin is essential [15] . Importantly, the interaction between H3K4me3 and the RAG complex not only functions to target the RAG complex to RSS with the epigenetic mark, but also modifies its enzymatic activity [13] . In vitro RAG cleavage assays with either cis (coupled with peptide to the RSS substrate demonstrated that this interaction also functions to stimulate catalytic activity of the RAG complex by accelerating its catalytic rate constant (Fig. 4) . The RAG complex catalyzes nicking and hairpinning to create double-strand DNA breaks at RSS sites, and the interaction with H3K4me3 stimulates both steps, especially the hairpinning step [13, 57] . Therefore, the presence of H3K4me3 positively regulates all the kinetic reactions of the RAG proteins, which are targeting (binding), nicking, and hairpinning at the RSS. The in vivo pattern of RAG binding to RSS sites was examined by ChIP using developing mouse B and T cells, and the association of the RAG complex has been found only at J gene segments where the H3K4me3 is also highly distributed, but not at D or V gene segments [58] . This indicates loading of the RAG complex at the RSS with H3K4me3 mark is seen on only at one RSS site, although the recombination occurs between two RSS signals. The J cluster is located close to the enhancer and is associated with many active histone modifications. However, the partner RSS either at the V or D cluster is located at a distal position from the enhancer, and no significant level of RAG binding or H3K4me3 association was observed there [58] .
H3K4me3 mark around suboptimal RSS sites and its role in chromosomal translocation
The RAG complex specifically recognizes highly conserved RSS at V(D)J loci. In genomic DNA, however, there are thousands of RSS-like sequence (suboptimal RSS or cryptic RSS) distributed and these cryptic RSSs are likely mistargeted by the RAG complex. The T cell acute lymphoblastic leukemia (T-ALL) displays all the characteristics of V(D)J recombination; the chromosomal translocations found in T-ALL patient have breakpoints at RSS-like sequence and the joining junctions show the patterns of NHEJ [16, 59] . Some pre-B ALL also show evidence of translocations between cryptic RSS sites [60] . Previous studies using replicating extrachromosomal substrate including cryptic RSSs reproduced the events found in neoplastic cells [61] . Since the active histone modifications are found at recombinationally active loci and stimulate V(D)J recombination, it is conceivable that H3K4me3 positioning contributes to mistargeting of the RAG complex at the cryptic RSS. To support this idea, H3K4me3 marks were found at exact or relatively close positions (up to *1.5 kbp) to the major breakpoint regions (e.g., SIL, SCL, Hox11, LMO2 and Ttg-1 sites) in human T cells [13, 62] . The deletion of SIL-SCL is a common gene alteration and accounts for 25-30 % of all T-ALL, yet their 'strength' as an RSS is very poor (Fig. 5a) [59] . However, biochemical assays showed that the H3K4me3 stimulates RAG cleavage activity at the cRSS of the SIL and SCL as well. Hence, the presence of H3K4me3 at poor signals threatens the genome integrity by increasing the chance to mistarget the RAG complex (Fig. 5b) .
Future direction
Almost all the biochemical studies for the RAG complex have been examined using naked oligonucleotide substrates with RSS sequence. In order to examine the biochemistry of the RAG activity in the context of chromatin, it will be necessary to create a chromatinized recombination assay system. Several biochemical studies have attempted to understand how the nucleosome structure affects RAG accessibility to RSS substrate [36] [37] [38] [39] 63] . The common view of these studies is nucleosome structure inhibits cleavage of RSS by the RAG complex, especially preventing it from binding to the RSS. To relieve the repression, chromatin remodeling by the SWI/SNF complex is necessary for the chromatinized RSS substrate with acetylated histones [38, 39, 63] . These chromatinized substrates are assembled with either bulk histones prepared from cultured cells or Drosophila embryo, or recombinant histones expressed in bacteria. Bulk histones contain mixture of active and inactive histone modifications and recombinant histones have no modifications. Therefore, these systems have this limitation for reconstitution of active or suppressive chromatin. To address RAG accessibility for the active chromatin, it is necessary to create a chromatinized recombination system containing H3K4me3 as well as other histone modifications found at in vivo recombinationally active V(D)J loci.
Another interesting issue is RAG binding and the high level of H3K4me3 association at the J cluster, but not the D or V cluster. It was proposed that the J cluster with high level of H3K4me3 distribution and RAG binding functions as the ''recombination center,'' and it captures the partner RSS through large-scale chromatin organization [35, 58] .
Yet the most recent paper describes limited association of H3K4me3 at distal V H genes also [50] . Further experiments will be needed to elucidate this model to uncover the mechanism to activate distal V and D gene segments to be rearranged.
Conclusion
There has been much progress in understanding the chromatin structure and histone modifications at the V(D)J loci undergoing the recombination, especially in the past 10 years. Finding of a direct association between the RAG complex and the specific epigenetic mark, H3K4me3, through the RAG2 PHD finger is also a great advantage to understand the regulation of V(D)J recombination. Mutations in the RAG2 PHD finger cause SCID or Ommen syndrome, indicating that the binding of the RAG complex and H3K4me3 has an essential role in normal V(D)J recombination and normal lymphocyte development. On the other hand, there is a possible role of this interaction in generation of lymphoid malignancy by mistargeting the RAG complex to the suboptimal sites with H3K4me3 marks. Hence, it is important to understand the mechanism of the recruitment and activation of the RAG complex by H3K4me3 further to elucidate how the genome integrity is maintained during V(D)J recombination.
